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Abstract

The SiC/SiC,,s laminate design has been targeted to achieve increased residual compressive stress in thin SiCy¢ layers and small residual tensile
stress in thick SiC layers, that would lead to a significant increase of the apparent fracture toughness of the composite. The laminates have been
manufactured using rolling and hot pressing techniques. The measured apparent fracture toughness of laminates showed a significant increase over
the monolith SiC ceramics. Thus, while the intrinsic fracture toughness of pure SiC ceramics is in the range of 2-3 MPa m'’?, significant increase
up to 6-8 MPa m"? was achieved for the layered ceramics. A crack shielding by compressive residual stress was a main mechanism responsible

for the significant toughening of the SiC/SiCy, laminate.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramic composites are important engineering materials
with many useful properties. One of the promising applications
of ceramics is for armor materials due to low density, superior
hardness and high compressive strength values relative to
metals. Among the required mechanical properties of ceramics
only the fracture toughness has relatively low values for a
widespread usage. One way to overcome the brittleness of the
ceramics is to design ceramic layered composites with
controlled thermal residual stresses. The latest developments
in ceramic composites show that the use of layered materials is
perhaps the most promising method to control cracks and
brittle fracture by deflection, microcracking or internal stresses
[1]. It has been shown that residual compressive stresses of
~500 MPa in a surface layer of a three layered alumina—
zirconia composite with a strong interface can increase the
apparent fracture toughness by a factor of 7.5 (up to
30 MPam'?) for crack lengths equal to the surface layer
thickness [2]. In our recent work [3], the effect of macroscopic
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residual stresses on the fracture resistance and stable/unstable
crack growth in SizN4/SisNy—30 wt%TiN layered ceramics
has been investigated. Apparent fracture toughness was
calculated as a function of the crack length for the laminates
with residual compressive or tensile stresses in the top layers.
It was shown that for SizN4/SizNy4-30 wt%TiN laminates with
top SizNy layers with compressive residual stress the apparent
fracture toughness increases from 3.9 to 17 MPam'? as a
function of the crack length. The experimentally measured
apparent fracture toughness values showed an excellent fit with
the calculated data. Therefore, it is clear that the residual
compressive stress can result in a significant increase in
toughness of ceramics. As a result the laminates with strong
interfaces, combined with improved fracture toughness and
damage tolerance, can potentially provide increase in other
mechanical properties, such as ballistic performance, for
example.

Silicon carbide is an important ceramic material with many
useful physical and chemical properties. Due to its high
hardness, this ceramics is a very promising material for
ballistic protection. However, SiC-based composites have a
relatively low fracture toughness of only 3-4 MPa m'2. While
high hardness is one of the very important indicators for a
material’s ballistic potential, toughness might play an equally
important role in realizing that potential. Thus, materials with
both high hardness and high fracture toughness are expected
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Table 1
Design parameters

Design Layer thickness (um) Calculated residual stress (MPa) Fitted residual stress (MPa)
SiCys SiC SiCy¢ SiC SiCy¢ SiC

1 458 2598 —281 66 —144 34
458 1734 —257 91 —132 46

3 458 1397 —242 106 —124 54

to yield the best ballistic performance [4,5]. Therefore, a
significant increase in fracture toughness of silicon carbide
based laminates has the potential for realization of improved
armor material systems.

Brittleness of silicon carbide ceramic laminates can be
controlled by designing the distribution of residual stresses, i.e.
by placing the layers with high compressive stresses into the
bulk of the material. The enhancement of the mechanical
performance of SiC based ceramics can be achieved through
the design of layered structures with controlled residual
stresses in separate layers. One of the novel approaches is to
use the SiC woven fabric (SiCys) with less coefficient of
thermal expansion (CTE) as tough thin layers with residual
compressive stress while using thick SiC layers produced from
powders in order to decrease the residual tensile stress.
The goal of this research is to achieve a significant
improvement of apparent fracture toughness of SiC/SiCyy
ceramic laminates. The manufacturing steps of SiC/SiCyy
ceramic laminates, as well as design parameters along with
fracture toughness testing results are presented in this paper.

2. Design

The proposed design targets a fracture toughness increase of
SiC/SiCys laminates and is based on the preliminary results
both from our work [6-8] and from the work of others [9-12].
We used the design algorithm presented in [13]. Three different
macrostructures are considered in this work. The basic
condition was that the symmetric macrostructure had been
considered with layers consisting of two different com-
ponents—pure SiC ceramics and SiC,,s. SiCy¢ was placed in
the external layers of the laminates. The sign and value of the
bulk residual stresses depends on the coefficients of thermal
expansion of the materials used as the separate layers and the
relative thickness of layers with compressive and tensile
residual stresses. For silicon carbide there is wide range of CTE
values presented in different works [14,15]. However, our
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analysis shows the CTE of SiC fibers containing in SiC woven
fabric is typically less than CTE of polycrystalline SiC, which
results from a specific crystalline texture of fibers and their
phase composition. CTEs of SiC and SiC,,; were chosen as 4.7
and 4.4><1076K71, respectively [14,15]. These values are
approximate and for design estimation only. Such choice leads
to the appearance of tensile residual stress in SiC layers and
compressive residual stress in SiCyys layers after sintering.
There are uncertainties in the calculation of the thermal
residual stresses using literature values of CTEs, since CTEs
for our materials can be slightly different. However, since no
measurements were done for these ceramics, we used the
available data for similar materials. The thickness of SiC and
SiCy¢ layers as well as calculated values of thermal residual
stresses for three designs are presented in Table 1, and the
schematic presentation of the SiC/SiC,,; composites is shown
in Fig. 1. All three macrostructures used total seven layer
composites but while the thickness of SiC,, layers was kept
constant, the thickness of SiC layers increased from 1397 to
2598 um. Such changes in the thickness of SiC layers lead to a
calculated residual tensile stress of only 66—106 MPa in SiC
and 242-281 MPa residual compressive stress in SiCy, layers,
respectievely. The ‘joining temperature’ [15] required to
calculate the thermal residual stresses was adopted to be a
hot pressing temperature of 2423 K, since it is a solid state
sintering, therefore, the residual stresses should appear when
the cooling of the ceramics starts.

3. Manufacturing procedures

a.-SiC powders with a grain size of 2-5 um were used for the
manufacturing of SiC layers. SiC powders were ball milled in
acetone in a polyethylene bottle using SiC milling media for
48 h in order to reach a particle size of less than 1 um. The SiC
tapes were produced by cold rolling with a crude rubber
(1 wt%) added to the milled and dried SiC powders as a
plasticizer through a 3% solution in petrol. The powders were
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Fig. 1. A schematic presentation of SiC/SiC, laminate designs.
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further dried up to 2 wt% petrol in the mixture. After sieving
the SiC powder with a 500 um sieve, the granulated powder
was dried up to 0.5 wt% of residual petrol. A roll mill with
40 mm rolls was used for rolling. The velocity of rolling was in
the range of 1-1.2 m/min. The estimated working pressure was
100 MPa to achieve 74% density of the tapes. Thickness of the
tapes was about 450 um after rolling.

A schematic presentation of the laminates manufacturing
process is shown in Fig. 2(a). Samples of SiC/SiCyy
laminates were prepared by hot pressing of stacked SiC
tapes and SiC woven fabric layers. The schematic presen-
tation of the SiC woven fabric is shown in Fig. 2(b). Each of
the SiC bundles (Fig. 2(c)) consists about 500 individual SiC
fibers (Fig. 2(d)) with a diameter of 15-30 um. The fibers
have inhomogeneous areas that are enriched in C, as was
detected by Electron Dispersive Spectroscopy (EDS). In order
to achieve the desired thickness of SiC layers, a certain
number of thin SiC rolled tapes were stacked together. After
the required thickness was achieved, the layer of SiCys was

placed, followed by the next layer of SiC. The first and the
last layers have always been SiC,. After the assembling of
the required layered structure the hot pressing was performed
at a heating rate of 100 K/min. The temperature and pressure
were kept at 2423 K and 30 MPa, respectively. The dwell
time at hot pressing temperature was 50 min. Graphite dies
were used for the hot pressing of laminates with the graphite
surface coated by BN in order to prevent a direct contact
between graphite and ceramic material. Tiles 35X 50 mm?>
were produced.

The specimens for mechanical tests were prepared by
machining of the hot pressed tiles. Standard bars of 50 mm
length were cut, machined and chamfered along the long edges
with a chamfer angle of 45° to a dimension of 0.12 +0.03 mm.
The fracture toughness was measured by the Single Edge V
Notch Beam (SEVNB) technique [16,17]. The V-notches were
made in the specimen with a diamond saw, followed by
polishing with a diamond paste coated stainless steel blade to
obtain a sharp tip for the notch with a tip radii of 3—-5 pm.
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Fig. 2. A schematic presentation of the laminates manufacturing steps (a) and SiC woven fabric (b), SiC fiber bundle (c), SiC fiber (d). The SEM images show the
SiCy, bundle and a single SiC fiber. The dark areas at the fiber surface are C enriched spots.
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4. Apparent fracture toughness

The measured apparent fracture toughness of the three
designed SiC/SiC,,¢ laminates is presented in Fig. 3(a). For
comparison the fracture toughness of pure SiC is also shown.
The data for SiC ceramics were compiled from the Ref. [14].
As one can see from Fig. 3(a), a significant increase in apparent
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Fig. 3. (a) The maximum apparent fracture toughness values measured for
SiC/SiCy¢ laminates of Designs 1, 2, and 3. For comparison SiC fracture
toughness values is also presented. (b) Apparent fracture toughness vs relative
crack length (where a is the crack length and w is the total thickness of a
sample) for specimens of Design 2.

fracture toughness of layered SiC/SiC,s composites was
achieved with respect to pure SiC.

In order to estimate the effect of crack length on the
apparent fracture toughness, different notch lengths were cut
for the different samples of the Design 2. A total of five samples
were tested, where three notches were made with a notch tip
ending in the top SiC,,s layer. One notch was cut through the
whole length of the SiCyy layer to reach the first SiC/SiCy¢
interface and the last notch tip was placed in the SiC layer. The
calculated values of the apparent fracture toughness as a
function of the crack length normalized by the total sample
thickness for the SiC/SiCy,¢ laminate of Design 2 are shown in
Fig. 3(b). The toughness increases in the SiCys top layer with
compressive stress with increasing crack length, and it
decreases in the SiC layer with tensile stress as the crack
continues to grow. For the SiCys top layer with compressive
stress, the calculated apparent fracture toughness increases
from 2 to 7.6 MPa m'’? as a function of the crack length. The
apparent fracture toughness reaches its maximum value as the
crack approaches the interface, shown as a dashed line in
Fig. 3(b), with the SiC layer. The experimentally measured
fracture toughness values, also presented in Fig. 3(b), shows an
excellent fit with the calculated ones. The maximum apparent
fracture toughness was measured when notch tip was at the
interface between first SiC,,s and first embedded SiC layer.

The one problem was accounted that if the approximate
values of CTEs 4.7 and 4.4X 10 %K™ ! for SiC and SiCyyr,
respectively, were used [14,15] for the calculation of the
residual stresses, the calculated apparent fracture toughness
appeared to be much higher than the experimentally measured
values. Therefore, to allow a fitting of calculated and measured
fracture toughness, the second set of the fitted residual stresses
was calculated (Table 1) that lead to an excellent fit with the
experimental results. The residual stresses that allow an
excellent fit to the experimental fracture toughness data are
two times lower than initially calculated thermal residual
stresses. Such discrepancies could be explained by the
difference in the CTEs used for stress calculation and existing
in the real materials.

5. Fracture surface and microstructure

An optical micrograph of SiC/SiC,,; sample (Design 1) after
failure during fracture toughness measurement is shown in
Fig. 4. Obviously, no phase contrast between SiC and SiCys
can be seen by optical imaging and, therefore, layers cannot be
distinguished. However, the difference in layers structure can
be seen with scanning electron microscopy (SEM). For a given
sample bifurcation during crack propagation was observed.
The crack started to bifurcate when it reached the centerline of
the second SiCy¢ layer that was under compressive stress. After
bifurcation two newly formed cracks crossed the thick SiC
layer with residual tensile stress at an angle of 45°. There are
compressive curls formed as the crack deflected into the SiCy¢
centerline just before complete failure of the sample. While
crack bifurcation was observed for Design 1 samples, no
bifurcation was detected for the two other designs.



528 N. Orlovskaya et al. / Composites: Part B 37 (2006) 524-529

= T g ALY
- o H Il-;t:
=1 IR

SIC My

%
L
R Hilur::ﬂnn

Comyrrassion

Fig. 4. A crack bifurcation in the laminate of Design 1.

The critical thickness necessary for bifurcation follows a
relationship [10,18]

L= G.E
03401 —v¥)a?

where G, E, and v are the critical strain energy release rate,
Young’s modulus, and Poisson’s ratio of the compressive layer
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material, respectively, o, the magnitude of residual compression
within the compressive layer, and 0.34 a dimensionless parameter
determined by numerical analysis. It should be noted that
G.E/(1 —v*) = K?. Here, K. is the intrinsic fracture toughness of
the compressive layer. Then the critical thickness is
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Fig. 5. SEM images of fracture surfaces of SiC/SiCy¢ laminates: (a) Design 1, (b) Design 2, (c) and (d) a notch in the top SiCy¢ layer, (e) SiC layer with residual
tensile stress, (f) SiC,,s layer with residual compressive stress. a, b, c—Secondary electron images; d, e, f—Backscattered images.
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Agreement is further improved when the dimensionless
parameter is reduced from 0.34 to 0.17 [18]. The critical
thicknesses of SiCys layer to bifurcate are 1134, 1350
and 1530 um for Designs 1, 2 and 3, respectively, if we use
K.=2 MPa m”z, dimensionless parameter of 0.17 and fitted
compressive residual stresses. It means that the bifurcation should
not occur in these samples. In fact, there is only one specimen of
Design 1, which demonstrated bifurcation (Fig. 4). The
possibility is that this sample has random local differences from
the other samples, such as defects, or amount of porosity, or other
technologic defects. Such differences can lead to decrease in
fracture toughness of the material. For example, decreasing
fracture toughness of SiC,,¢ layer to 1.27 MPa m'? can result in
the appearance of crack bifurcation in samples of Design 1. It
should be noted that the bifurcation has small effect on the
apparent fracture toughness increase, but it could be useful as an
additional mechanism of toughening.

Fracture surfaces of SiC/SiC,,s samples (Designs 1 and 2) after
fracture toughness tests are shown in Fig. 5(a and b), respectively.
The compression curl is seen in more details in Fig. 5(a). The
notch placed in the top SiC,,layer as well as rather rough fracture
surface of SiC layer are presented in Fig. 5(b). One top SiCy¢
layer and thick first SiC layer with the notch being in the top layer
are shown in Fig. 5(c—f). As one can see from the images, a
certain amount of residual porosity remains both in SiC¢ and
rolled SiC layers with a pore size of 5-15 pm in SiCy; layer, and
smaller porosity of 2-5 um homogeneously distributed in SiC
layer. No interfaces have been observed between SiC stacked
tapes after hot pressing. Only SiC/SiC,, interfaces can be
detected on the fracture surface. It seems that no SiC woven
fabric structure remains after hot pressing of the laminates,
instead rather coarse elongated SiC grains with a grain size up to
100 pm are shown in Fig. 5(f). Small amount of Fe inclusions, as
found by EDS, were detected inside some pores in SiC,,¢ layer,
which might appear due to Fe contamination of the SiC during
rolling. Some Fe particles were detected on SiC tapes after
rolling. During the hot pressing these particles were melted and
further segregated in SiC,,¢ layers inside pores; however, almost
no such inclusions were detected inside the SiC layers.

6. Conclusions

Tough SiC/SiCy¢laminates have been developed by designing
increased residual compressive stress in thin SiCy¢layers and low
residual tensile stresses in thick SiC layers. Rolling and hot
pressing have been used to manufacture laminates with three
different designs. More than twice increase in the apparent
fracture toughness was achieved for the SiC/SiCy¢ layered
materials in comparison with pure monolith SiC ceramics. Such
an increase can be explained by the significant influence of the
residual compressive stresses on the crack propagation during
composite loading. The compressive stress acts as a crack shield
and is able to significantly increase load required to reach failure.
In addition, a crack bifurcation during the laminate failure was
also observed, that could also contribute to the toughening of
the SiC/SiC,,s ceramics. The disagreement between calculated
and measured apparent fracture toughness values has lead to

necessity to perform fitting procedures to recalculate possible
residual stresses in SiC and SiC,, layers. After such fitting, the
calculated and measured data showed an excellent fit. Such
discrepancies could be explained by differences in the CTEs of
SiC and SiC,,; ceramics used in calculations and CTEs of real
materials used for laminate manufacturing.
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